Abstract: Trembling aspen (Populus tremuloides Michx
Introduction
Recent global model simulations suggest that the earth's climate will warm by an average of 1.4-5.8°C during the 21st century as a result of human-induced increases in carbon dioxide (CO 2 ) and other greenhouse gases (Intergovernmental Panel on Climate Change 2001). The projected rate of warming is expected to be greatest in northern continental regions, including the western Canadian boreal forest, where temperatures have already increased by 1.6-2.0°C between 1948 and 2003 (Environment Canada 2004) . In these regions, global warming poses a risk for drier conditions over the next few decades, potentially leading to large-scale negative impacts on forests either directly (Hogg and Hurdle 1995) or in combination with climatically induced increases in fire (Flannigan et al. 1998 ) and insects (Volney and Fleming 2000) . There is evidence, for example, that increased drought stress associated with recent climatic warming has already led to reduced growth of white spruce (Picea glauca (Moench) Voss) in Alaska (Barber et al. 2000) .
In the western Canadian interior, forests dominated by trembling aspen (Populus tremuloides Michx.) are expected to be especially vulnerable to the impacts of a warmer and drier future climate (Hogg and Hurdle 1995) . Trembling aspen is the most abundant deciduous tree species in the North American boreal forest, where it has become an important resource for the forest industry since the 1980s (Peterson and Peterson 1992) . Aspen is also the predominant tree in the drought-prone aspen parkland zone along the northern edge of the Canadian prairies, where it forms stunted patches of forest interspersed with cropland and grassland (Bird 1961; Hogg and Hurdle 1995) . Since the early 1990s, dieback and reduced growth of aspen forests has been noted in several areas of western Canada. Previous studies indicate that the aspen dieback in this region was caused by a combination of climatic factors (drought and early spring thaw-freeze events), multipleyear defoliation by the forest tent caterpillar (Malacosoma disstria Hbn.), and damage by fungal pathogens (Hogg and Schwarz 1999; Hogg et al. 2002a; Brandt et al. 2003) . This has posed concerns about the current status of western Canadian aspen forests and how the productivity and health of these forests might be affected in the near future under climate change.
To address these concerns, we established a large-scale study entitled Climate Change Impacts on Productivity and Health of Aspen (CIPHA). CIPHA includes a regional network of long-term research plots in 72 aspen stands across western Canada, where annual monitoring of forest health and dieback was initiated in 2000. The main objective of the present component of the study was to conduct tree-ring analysis to examine the cause and magnitude of interannual variation in aspen growth in this region (1800 km × 500 km area). Sampling methods were designed to enable the "scaling up" of ring-width measurements to provide stand-level estimates of annual growth in stem cross-sectional area. Specifically, we postulated that over the past 50 years interannual variation in regional-scale growth of aspen has been more strongly affected by cycles of drought and insect defoliation, rather than by variation in temperature and other factors. We also compared aspen growth responses between vegetation zones (boreal forest versus aspen parkland) and conducted treering analysis at three different heights to determine whether growth variation is synchronous throughout the main portion of the aboveground aspen stems.
Materials and methods

Study design and plot establishment
During 2000, a network of long-term forest health monitoring plots was established, encompassing 24 study areas in the western Canadian interior. The study areas extend from northeastern British Columbia and the adjacent Northwest Territories to southern Manitoba (Fig. 1) . Twelve study areas were established in the boreal forest and 12 were established in the aspen parkland (these vegetation zones are hereafter referred to as "boreal" and "parkland", respectively). In each of the 24 study areas, three undisturbed aspen stands (40-80 years old) were selected within a distance of 30 km as a means of representing the range of dominant site characteristics of the aspen stands in that study area (total of 72 stands). Within each stand, two plots were established that were 100 m apart and located at least 50 m from the stand edge, where possible. Each of the 144 plots was rectangular with a width of 10 m and sufficient length (typically 15-35 m) to include at least 25 living aspen trees. 
Field measurements and sampling
Within each plot, all live and dead standing trees with a minimum diameter of 7 cm at 1.3-m height were labeled with numbered tags, and measurements of total height, height to top of live crown, and stem diameter (1.3-m height) were made. Annual assessments of forest health were also initiated, but are not reported on in this paper. In the early autumn of 2000, three aspen trees located adjacent to but outside each plot were felled for tree-ring analysis (total of 432 trees). Selection of trees was based on diameter classes as follows. First, the range of tree diameters within each plot was divided into three classes such that each class contributed equally to total plot basal area. Then at a predetermined point at least one average tree height outside each plot, the nearest trees representing each of the three diameter classes (large, medium, and small) were felled. Disks were collected at stump height (age determination only), 1.3-m height, and at onethird and two-thirds of total tree height. In each plot, a 15-cm diameter sample of the uppermost 10 cm of mineral soil was collected, and particle-size analysis was conducted using the hydrometer method (Kalra and Maynard 1991) .
Tree-ring measurements and estimates of annual standlevel growth
Disks were dried at 50°C and prepared for tree-ring analysis by polishing with progressively finer grades of sandpaper. Tree-ring widths were measured along two radii per disk using an ocular micrometer mounted on a compound dissecting microscope at 20× magnification. Dating of rings was first conducted on the best material from each stand, then crossdating among all disks was confirmed graphically and by reference to known marker years. Ring-width measurements from the two radii were averaged and used to calculate the mean stem disk radius (R) at the end of each year's growth. Growth of each disk was expressed as annual increments in stem cross-sectional area (square centimetres per year), which was calculated from annual values of R (Hogg and Schwarz 1999) . Annual growth in stem cross-sectional area at the stand level (based only on trees alive in 2000) was then calculated as follows. First, stand basal area (square metres per hectare) was calculated as the total cross-sectional area (1.3-m height) of all living trees within each plot divided by plot area. Then annual area increments (square centimetres per year) for the disks from each height were expressed as a proportion of the stem basal area (1.3-m height) of the corresponding tree during the year of sampling (2000) . For each of the three heights of sampling, these values of proportional growth were averaged for the three stems (large, medium, and small) sampled adjacent to each plot. Annual growth increments at the plot-level were then estimated as (i) mean proportional growth for the three stems (large, medium, and small) sampled near each plot and multiplied by (ii) the stand basal area of that plot. The resultant values of estimated annual increment in stand cross-sectional area (at each of the three sampling heights) were expressed in units of square metres per hectare per year for each year from 1950 to 2000. These results were first summarized by averaging the estimated annual increments from the six plots (i.e., two plots in each of three stands) within each study area. The results were then further summarized by determining the overall averages of annual increments in stand cross-sectional area for the 12 study areas in each zone (boreal and parkland) and for all 24 of the study areas as a whole.
Occurrences of "white tree rings" in the sanded disks were also noted, and their year of formation was recorded. These are the anomalously pale-colored, low-density tree rings that are normally formed during years of severe early-season defoliation by insects (Hogg and Schwarz 1999; Hogg et al. 2002b) . For each year during 1946-2000, an index of the incidence of defoliation (Hogg 1999; Hogg et al. 2002a ) was calculated as the overall percent occurrence of white tree rings in the 216 aspen stems that were sampled in each of the two vegetation zones and for all 432 aspen stems. Another independent index of insect defoliation was also determined from maps of moderate to severe defoliation by insects (primarily forest tent caterpillar) recorded during annual insect surveys (e.g., Hildahl and Reeks 1960; Brandt 1997; Simpson and Coy 1999; Alberta Environment 2000 ; see Moody and Amirault (1992) and Brandt (1995) for the list of survey reports for the period . For the purposes of this analysis, each of the 24 study areas was defined as the land falling within a 50-km diameter circle centered on the three CIPHA stands within that study area. Within each circle, the proportion of land area with moderate to severe defoliation was estimated for each year. The defoliation index from insect surveys was then calculated as the average percentage of area defoliated for the 12 study areas in each vegetation zone and for the 24 study areas as a whole.
Estimates of aboveground stand biomass
Aboveground stem biomass of each tree species was estimated using biomass equations of the following form that were developed for the prairie provinces by Singh (1982) :
where W is dry mass of biomass of the living tree above ground excluding foliage (kilograms), DBH is diameter (centimetres) of the stem outside the bark at 1.3-m height, H is total tree height (metres), and the parameters a and b are empirically derived coefficients. For aspen, representing >98% of the tree biomass of the CIPHA plots, the values for a and b were 0.34961 and 0.01916, respectively (Singh 1982) . The contributions of other tree species, primarily balsam poplar (Populus balsamifera L.) and white birch (Betula papyrifera Marsh.), were included in the stand-based measurements, although these species were not sampled for tree-ring analysis, as they represented <2% of stand biomass. For each plot, biomass densities (tonnes per hectare) were determined by summing the estimated biomass of each tree based on its diameter and height (in year 2000) and dividing by plot area.
Climate of the study region
The study region has a continental climate (Phillips 1990 ) that is strongly influenced by the mountains of western North America. It is affected by a wide variety of air masses, resulting in a large seasonal variation in mean temperature from about -20°C in January to 17°C in July. Moisture from Pacific air masses passing over the region represents the primary source of precipitation, and the climate is also influenced by the Gulf of Mexico during the summer. Mean annual precipitation varies from about 350 to 500 mm, with most falling as rain from convective systems during the summer, which likely includes a significant contribution from water recycled by transpiration of aspen and other vegetation types in the region (Hogg et al. 2000a; Raddatz 2000) . Snow generally falls from November to April, with annual amounts of about 100-170 cm. The study area is also impacted by severe weather including blizzards (Lawson 2003) , thunderstorms (Burrows et al. 2002) , hail (Etkin and Brun 1999) , and tornadoes (Etkin et al. 2001) .
Climate analyses
Analyses of the climatic factors affecting aspen growth were conducted using methods similar to those reported earlier (Hogg et al. 2002a ). Because of the regional scale of the present study, however, the analyses required a database of daily temperature and precipitation in each of the 24 CIPHA study areas. For each study area, daily records of maximum and minimum temperature and daily precipitation were obtained from the nearest climate station (period 1930-2002) . Missing data from the nearest (primary) station were estimated from one or more secondary stations after estimating the mean difference in long-term daily maximum or minimum temperature, or the mean ratio of long-term precipitation, between the primary and secondary station for those periods when both stations were reporting. The mean temperature differences or precipitation ratios were determined for each of the 12 months, and then applied as a correction to the daily data from the secondary station to provide an estimate for the primary station. In a few instances (short period of record), the precipitation ratios were based on the total for all 12 months. For periods when climate data were not available for stations within 50 km, climate data were estimated as averages of two more distant stations located in opposite directions from the study area.
The reconstructed daily climate record for each study area was used in the calculation of several indices of climatic variation that were viewed as representing potentially important factors affecting aspen growth at the regional scale. First, monthly values of a climate moisture index (CMI) were determined as precipitation minus potential evapotranspiration (PET) for each study area, where PET was calculated using the Penman-Monteith method of Hogg (1997) . With this method, the monthly values of PET are based on mean vapor pressure deficit, as estimated from the average daily maximum and minimum temperature for each month. Annual CMI values were then determined by summing the monthly CMI over 12-month periods ending on 30 June, 31 July, 31 August, or 30 September of each year. These are the periods over which moisture is potentially most relevant to annual radial stem growth of aspen (Hogg and Schwarz 1999; Hogg et al. 2002a Hogg et al. , 2002b ) and other tree species in the region (e.g., Case and MacDonald 1995; Watson and Luckman 2002; St. George and Nielsen 2002) . The annual CMI values were reported in units of centimetres per year of water balance, where negative values denote dry conditions typical of parkland and prairie and positive values indicate moisture levels that are normally associated with boreal or cordilleran forest (Hogg and Hurdle 1995) . Thermal conditions for aspen growth were assessed by calculating annual sums of growing degree-days (GDD) over the same 12-month periods as used for the CMI and also for seasonal periods of 3, 4, 5, or 6 months starting 1 April each year. The values of GDD were calculated based on positive departures of daily mean temperatures from a base of 5°C. Other climate indicators that were calculated included monthly and annual totals of precipitation, monthly mean temperature, estimated date of spring leaf emergence (Hogg 1999 ), a summer frost index (Hogg and Schwarz 1999) , snow depth on 28 February or 31 March, and a spring thaw-freeze index. The latter index was calculated annually for each study area as follows. First, the cumulative sum of thawing degree-days (TDD, positive departures of daily mean temperatures above 0°C) was determined daily from 1 January to 30 June, and the time-reversed, cumulative sum of freezing degree-days (FDD, negative departures of daily mean temperatures below 0°C) was determined daily from 30 June to 1 January. The spring thaw-freeze index was then calculated as the number of TDD on the date in spring when TDD and FDD were most nearly equal. For each year, average values of the CMI, GDD, and each of the other climate indicators were calculated for the 12 boreal study areas, the 12 parkland study areas, and for all 24 study areas.
A dynamic stepwise regression approach (Hogg et al. 2002a ) was used to examine the combined influences of climatic factors and insect defoliation events on aspen stem growth for the period 1951-2000. As part of the analysis, correlation coefficients were determined between pairs of significant independent variables. To minimize potential problems associated with multicollinearity (Zar 1996) , we included a maximum of one variable representing each of the major factors that were postulated to affect aspen growth, for example, moisture (precipitation or CMI), growing season heat units (mean temperature or GDD), and defoliation (insect surveys or incidence of white rings).
One of the challenges in using tree rings for retrospective assessments of stand-based forest responses is the long-term (low-frequency) change in growth estimates that are typically associated with the normal processes of stand development. These processes include stand dynamics (e.g., stem age, mortality, and competition) as well as the tendency for strong decreases in ring widths over time with increasing stem girth, especially in closed-canopy stands. We partially removed this age-dependent trend by expressing aspen growth as annual increments in stem cross-sectional area rather than ring width (Kolb and McCormick 1993) . We also applied the following two alternative methods of detrending the regional averages of aspen stand area increment (A) as a means of producing stationary time series suitable for regression analysis. The first method, used in previous studies of aspen growth responses (Hogg 1999; Hogg et al. 2002a ), was to express aspen growth as log e (A/A -1 ), where A -1 is stand area increment in the previous year. This method provides a measure of interannual growth variation that also typically eliminates autocorrelation in the time series of aspen growth; however, it may also preclude the detection of factors affecting aspen growth over more than 1 year. Thus, we also applied a second method similar to that used in dendroclimatology (Fritts 1976 ), where we calculated detrended or standardized growth, A′, as A divided by the expected growth from a best-fitting quadratic equation.
Regression analysis was conducted by stepwise inclusion of independent variables with coefficients that were significant at the 5% level. Delays in growth responses were also examined by testing the inclusion of each significant variable with time lags of up to 5 years in the regression equations.
The relative importance of factors governing aspen growth was assessed by two alternative approaches. The first approach was to calculate the β coefficient (or standardized partial regression coefficient; Zar 1996) as a sensitivity index of interannual growth responses (cf. Hogg et al. 2002a) for each significant independent variable in the regression equations. β coefficients were determined by multiplying each original regression coefficient by (SD x /SD y ), where SD x and SD y are standard deviations of the corresponding independent and dependent variable, respectively, over the period 1951-2000. The second approach was to examine longer term growth sensitivity from the regressions for the boreal study areas, as follows (second detrending method only). For each significant climatic factor, we determined the percent change in the total detrended growth over the period 1951-2000 following the replacement of the mean climate record for the boreal study areas with that of the parkland study areas. Growth sensitivity to insect defoliation was assessed by determining the percent change in total detrended growth after "turning off" the defoliation index in the same regression equation for boreal study areas.
Results
Stand characteristics
The aspen stands included in the CIPHA study had a mean age of 60 years in each of the boreal and parkland study areas, based on tree-ring analysis of basal disks in 2000 (Table 1 ). The average age of aspen in the study areas ranged from 41 to 81 years, with the oldest being at the BOREAS-BERMS Old Aspen site ( Fig. 1; Black et al. 2000) , which originated from fire in 1919. Although mean stem diameter (1.3-m height) was the same (16.1 cm) in the boreal and parkland study areas, tree heights were significantly stunted in the parkland (14.8 m) relative to those in the boreal study areas (19.0 m) (t = -4.05, df = 22, P < 0.001). Mean stand basal area was also significantly smaller in the parkland than in the boreal study areas (t = -3.46, df = 22, P < 0.005). The resultant estimates in aboveground biomass averaged 37% smaller in the parkland study areas (105 T·ha -1 ) compared with the boreal study areas (166 T·ha -1 ). The study areas in the parkland tended to have a greater sand content in the upper mineral soil relative to that in the boreal study areas (Table 1) . However, no significant differences were detected (t = 1.58, P > 0.10), because of the wide range in mineral soil texture that was encountered among study areas in each zone.
An analysis of climate normals at stations adjacent to the CIPHA study areas showed that mean annual temperatures averaged 2.1°C warmer in the parkland study areas compared with those of the boreal study areas (Table 1). Annual precipitation was similar in the two vegetation zones; however, the mean CMI was 9 cm·year -1 less (more negative) in the parkland, mainly because the warmer temperatures resulted in greater values of PET.
Temporal variation in aspen growth
The tree-ring analysis of disks from the 1.3-m height showed large interannual variation in aspen growth during the period 1951-2000, based on mean increments in stem cross-sectional area (A) for all 72 aspen stands considered as a whole (Fig. 2) . The temporal pattern of aspen growth was similar for the boreal and parkland stands, and both showed similar cycles of reduced growth followed by growth recovery. during the early 1960s and the late 1980s (Fig. 2) . Based on mean values of A, aspen growth peaked during 1997 in both zones. It should be noted, however, that the values of A are underestimated during the earlier years because they are based only on trees that were living when sampling was conducted in 2000. For the period from 1997 to 2000, the tree-ring analysis indicated that average aspen growth decreased by 36% in the boreal study areas and by 22% in the parkland study areas.
Similar patterns in average interannual growth variation were observed in the tree-ring analysis from disks collected at one-third and two-thirds of total tree height in 2000 (Fig. 3) . However, more than half of the uppermost disks (collected at two-thirds of total height) contained no growth rings prior to the early 1970s, which accounts for the much smaller values of mean growth of these disks during this period.
Insect defoliation history
White tree-rings were found in 84% of the aspen stems sampled and in all but one of the 24 CIPHA study areas (Moosomin, Fig. 1 ). Although the overall mean total number of white rings per stem tended to be greater in the parkland (2.6) than in the boreal zone (2.2), no statistical difference was detected (t = 0.77, df = 22, P > 0.2), reflecting the high variation in mean white ring incidence among the 24 study areas (range 0.0-5.4). In both the boreal and parkland zones, the incidence of white rings indicated that major defoliation events occurred in 1962-1963, 1979-1982, and 1988-1989 (Fig. 4) . For all study areas combined, the temporal pattern of mean percentage of white rings showed a moderately strong, positive correlation (r = 0.784, t = 8.76, df = 48, P < 0.001) with the percentage of land area where moderate to severe defoliation was recorded during insect surveys. The main difference between the defoliation patterns inferred by these two methods was that during the first regional-scale outbreak of 1958-1964, the incidence of white rings was smaller than would be expected from the insect surveys.
Regression modelling of growth responses to climate and defoliation
The results indicated that most of the interannual variation in regional-scale aspen growth could be explained by the following two factors: the climate moisture index (CMI) from 1 August of the previous year to 31 July of the current year (Fig. 5 ) and the index of insect defoliation (D) based on the percentage of white tree-rings (Fig. 4) . The CMI and D contributed significantly in all regressions of aspen growth based on either of the two methods of detrending (Tables 2 and 3) . Growing degree-days (GDD) for the period 1 April to 31 July (Fig. 5 ) also contributed significantly in some of the regressions of aspen growth based on the second detrending method only (Table 3) . No significant relationships were detected Fig. 2 . Trends in mean stand-level aspen growth in the western Canadian interior, based on tree-ring analysis of disks collected at 1.3-m height from a total of 432 stems adjacent to CIPHA plots in the boreal and parkland zones (symbols show estimated mean growth of 36 stands within the 12 study areas in each zone). Error bars are 95% confidence intervals, based on the variation recorded among all 24 study areas. Growth is expressed as annual increment in stem cross-sectional area (A) and is based only on aspen trees that were living in 2000. Fig. 3 . Trends in mean stand-level stand growth of aspen in the western Canadian interior, based on tree-ring analysis of disks collected at three heights from all 24 CIPHA study areas (total of 432 stems). Growth is expressed as annual increment in stem crosssectional area (A), based only on aspen trees that were living in 2000. (P > 0.05) between aspen growth and the following variables: monthly temperature, estimated date of spring leaf emergence, summer frost index, snow depth on 28 February or 31 March, and spring thaw-freeze index (data not shown).
In general, results were similar for the analyses of the pooled mean aspen responses for all study areas combined, relative to the analyses of mean aspen responses determined separately for the boreal and parkland study areas. Under each of the two detrending methods, the regression coefficients obtained from the analysis of growth at the 1.3-m height were similar to those obtained from the analysis of growth averaged across all three heights (1.3 m and at onethird and two-thirds of total tree height). Similar results were obtained when these analyses were repeated using an index of defoliation (D) based on insect surveys rather than white tree-rings, but the R 2 values were smaller (Tables 2 and 3 ). Figure 6 shows the observed pattern of interannual variation in regional-scale aspen growth (all study areas, 1.3-m height) and the corresponding pattern described by the best-fitting regression model for each of the two detrending methods. Also shown are the major drought years of 1959, 1961, 1964, 1968, 1977, 1980, 1995, 1998, and 2002 (based on CMI < -10, Fig. 5 ) and the major defoliation years of 1962-1963, 1979-1982, and 1988-1989 (based on D > 10%, Fig. 4 ). Both methods of detrending resulted in significant regression coefficients for aspen growth responses to current-year values of the CMI (positive coefficient) and D (negative coefficient). In the first detrending method, where current year's growth is expressed relative to the previous year's growth (Table 2) , there was also a statistically significant positive coefficient for D in the previous year, reflecting the tendency for partial recovery of aspen growth during the year following defoliation events. In the second detrending method, where growth is expressed relative to a best-fitting quadratic equation, there were no significant lag effects of D, but significant positive coefficients for the CMI were obtained for time lags of up to 4 years ( Table 3) .
Comparable results, but with smaller R 2 values, were obtained using alternative variables for moisture in the regression equations of Tables 2 and 3 . These included the use of 12-month periods ending on 30 June, 31 August, or 30 September for the CMI or using either annual precipitation (same periods) or June precipitation instead of the CMI. However, with the second detrending method, the coefficient for annual precipitation was significant for time lags of only 1 year, and no significant lag effects were obtained for June precipitation.
Based on the absolute magnitude of β coefficients in the best-fitting regressions from all study areas (Table 4) , moisture (CMI) and defoliation (D) were the most important factors affecting interannual variation in aspen growth (1.3-m height). For both detrending methods (dependent variables log e (A/A -1 ) and A′), the β coefficients for D in the current year had a slightly greater absolute magnitude (-0.651 and -0.532) than those for the CMI in the current year (0.547 and 0.485). In the first detrending method, where the dependent variable describes year-to-year changes in growth, there was a strongly positive β coefficient (0.555) for D -1 but not for CMI -1 . This indicates a tendency for aspen growth to recover in the year following defoliation, but not in the year following drought events. In the second detrending method, where the dependent variable provides an index of growth (rather than changes in growth), there were significant (positive) coefficients for lagged CMI values up to 4 years prior to the year of growth (CMI -4 ), but not for lagged values of D. Thus, both detrending methods indicated that growth was more strongly influenced by CMI than D, when considering growth impacts over periods of 2 or more years. The β coefficient for GDD was significant in the second detrending method only, and its relatively small magnitude (0.256) indicated that this factor was of secondary importance in terms of its influence on aspen growth.
Based on the analysis for all study areas, there was no significant correlation between CMI and D, the two most important independent variables (r = 0.226, P = 0.115), and no evidence of serial autocorrelation in CMI (r = 0.130, P = 0.369). There was, however, a modest but significant positive correlation between GDD and D (r = 0.341, P = 0.015), and a significant but modest negative correlation between GDD and CMI (r = -0.418, P = 0.003). Also, D exhibited a highly significant and positive serial autocorrelation (r = 0.688, P < 0.001), as may be expected from the tendency for multiyear outbreaks of forest tent caterpillar (e.g., Hildahl and Reeks 1960) . Thus, the potential problems of multicollinearity (Zar 1996) may be expected to be greatest in the regressions that include both D and D -1 (i.e., first detrending method, Tables 2 and 4) .
When the annual CMI values for all parkland study areas (Fig. 5) were applied to the regression for all boreal study areas (second detrending method, first line of coefficients in Table 3 ), the modelled mean value of A′ over the period 1951-2000 decreased by 32%. This growth reduction represents the impact of imposing a drier climate equivalent to a 9 cm·year -1 decrease in the CMI (i.e., the mean CMI difference between the boreal and parkland study areas). In contrast, applying parkland values of the most significant thermal indicator of climate (GDD for 1 April -31 July, Fig. 5 ) to the same regression for boreal study areas resulted in an increase of only 5% in modelled mean values of A′. This growth increase represents the impact of increasing GDD by about 12% (i.e., the change from a mean of 821 degree-days in the boreal study areas to 918 degree-days in the parkland study areas). The combined impact of applying parkland conditions (drier and warmer) to the regression for boreal study areas was a 27% reduction in mean modeled aspen growth (A′). When insect defoliation (D) was set to zero in the same regression for boreal study areas with no changes in climate, A′ increased by an average of 7% over the full period of analysis . For the years with the most widespread defoliation, however, the effect of setting D to zero was much greater, for example, modeled increases of 56% and 41% in A′ for the major defoliation years of 1963 and 1979, respectively.
Discussion
Previous tree-ring studies have shown large temporal variation in aspen growth at the stand-level in western Saskatchewan (Hogg and Schwarz 1999) and across a study area of about Note: This detrending method provides a measure of interannual variation in mean growth of stem cross-sectional area (A, units of square metres per hectare per year) at the stand level. All regression coefficients shown are statistically significant at the 5% level. Bold type denotes regression plotted in Fig.  6 . Regression equations are of the form log e (A/A -1 
, where A -1 is previous year's growth and CMI is the climate moisture index (centimetres) for the 12-month period ending 31 July of the current year. The variables D and D -1 are defoliation in the current and previous year, respectively, based on the incidence of white tree-rings (WR) or insect surveys (IS). Analyses were conducted based on aspen growth at the 1.3-m height only or on average aspen growth at three sampling heights (1.3 m and at one-third and two-thirds of total tree height). 
where CMI is the climate moisture index (centimetres) for the 12-month period ending 31 July of the current year, and the variables denoted as CMI -y give the climate moisture index for 12-month periods ending on 31 July for y years previous to the current year. The variable D is defoliation in the current year, based on the incidence of white tree-rings (WR) or insect surveys (IS), and GDD is cumulative growing degree-days for the period 1 April -31 July. Analyses were conducted based on aspen growth at the 1.3-m height only or on average aspen growth at three sampling heights (1.3 m and at one-third and two-thirds of total tree height). Table 3 . Coefficients for regressions of factors affecting detrended mean growth (second method) of aspen stands in the western Canadian interior, based on tree-ring analysis for the period 1951-2000. 125 km × 75 km in northwestern Alberta (Hogg et al. 2002a ). The results of the present study indicate that large temporal oscillations in aspen growth are evident even at the regional scale, based on tree-ring analysis of aspen across a much larger area (approx. 1800 km × 500 km) of the western Canadian interior (Fig. 1) .
The temporal pattern of stand-level growth increment in stem cross-sectional area was similar and highly synchronous at the three sampling heights (Fig. 3) , as shown previously (Hogg et al. 2002a ). Thus, although we did not directly measure annual growth increments in stem volume, the results indicate that ring widths or stem area increments at the 1.3-m height provide a good indicator of short-term variation in stand-level volume increment, at least for the main stems. This study focused on relatively pure 40-to 80-year-old aspen stands, but it is likely that the observed temporal pattern of growth variation is applicable across a wider range of stand ages and composition, including the aspen component of mixedwood stands (see Hogg and Schwarz 1999) .
During the period of analysis, there were several major insect outbreaks that each caused moderate to severe defoliation of aspen stands across large areas (up to 1000 km × 400 km) of the western Canadian interior. Most of the defoliation was caused by forest tent caterpillar, but significant defoliation was also caused by other insects such as large aspen tortrix (Choristoneura conflictana Wlk.), which affected a total area of 23 000 km 2 in northwestern Alberta during 2000 (Alberta Environment 2000) .
The results showed that the incidence of white tree rings was closely correlated with the timing and aerial extent of insect defoliation in the study areas across the region, as reported by Hogg et al. (2002a) for aspen in northwestern Alberta. The high incidence of white rings (84% of the 432 stems sampled) indicates that nearly all of the aspen were defoliated at least once during the period of analysis, given that white tree rings are formed only during years with severe, early-season defoliation (Hogg et al. 2002b ). Thus, insect defoliation can be viewed as an integral component of aspen stand dynamics in this region (Hogg 1999; Brandt et al. 2003) .
The sensitivity analysis indicated that during the period 1951-2000, year-to-year variation in regional-scale aspen growth was most strongly influenced by insect defoliation, as reported for aspen in northwestern Alberta during 1950 (Hogg et al. 2002a ). This interpretation is supported by the large absolute magnitude of the β coefficient for defoliation (D) in the year of growth using either method of detrending (Table 4) . However, the analysis also showed a tendency for regional aspen growth to recover in the year immediately following defoliation, whereas variation in moisture (CMI) had a significant impact for up to 4 years. As a result, longer term growth reductions in regional aspen growth appeared to be more strongly governed by drought than by insect defoliation. The absence of significant lag effects in D was unexpected, because previous work has shown reduced radial growth in Tables 2 and 3) give aspen growth as a function of insect defoliation (Fig. 4) and climate variation (Fig. 5) . Also shown are major defoliation years with an incidence of white tree rings >10% (dashed vertical lines) and major drought years with a mean CMI < -10 (vertical arrows). 
The values shown are the β coefficients (Zar 1996) indicating the relative importance of each independent variable to detrended aspen growth in the regressions shown in Tables 2 and 3. All β coefficients shown with numeric values below were statistically significant at the 5% level; ns, not significant. the year following experimental defoliation (Hogg et al. 2002b) and increased aspen mortality several years following a multiyear outbreak of forest tent caterpillar (Churchill et al. 1964) .
Based on our regression modelling, insect defoliation might have reduced the average growth of the boreal aspen stands by only 7% over the 50-year period, whereas the growth of these stands would have been reduced by 32% if exposed to the drier climatic conditions of the parkland. These results indicate that aspen forest growth and biomass would be greatly reduced if climate change leads to drier conditions in the region, as has been suggested previously (e.g., Hogg and Hurdle 1995; Hogg 2001) . Caution is warranted when making projections from regression models, for example, because of the interrelationships that exist among major variables (notably defoliation, moisture, and temperature). Nevertheless, our preliminary conclusion is consistent with the field measurements showing that average aboveground biomass was 37% smaller in CIPHA stands in the parkland compared with those in the boreal forest.
The importance of moisture to aspen growth variation in the tree-ring analysis may largely reflect the dry climatic conditions of this region (Hogg and Hurdle 1995) . In addition to the direct impact of dry soils, regional droughts are normally accompanied by high atmospheric vapour pressure deficits that lead to a decrease in aspen photosynthesis even when soils are locally moist (Hogg et al. 2000b) . Drought can also lead to xylem cavitation and large-scale aspen dieback, especially when it occurs in combination with multiyear defoliation, damage by fungal pathogens, and other stressors (Candau et al. 2002; Hogg et al. 2002a; Brandt et al. 2003; Frey et al. 2004) .
In the present study, the tree-ring analysis could only determine the past variation in the growth of aspen trees that were alive when sampling was conducted in 2000. Thus, the observed pattern of growth variation may have been affected by growth releases of surviving trees following periods of high stem mortality (e.g., Zhang et al. 1999) . Such growth releases would tend to negate the detection of longer term impacts of drought or defoliation on stand-level growth based on tree rings. Thus, some of the longer term impacts of drought and defoliation may have been missed in our regression analyses. For example, for the study areas in the parkland, the absence of a significant impact of the CMI on aspen growth after 2 or more years (regression coefficients c -2 , c -3 and c -4 in Table 3 ) might be an artifact of growth releases of surviving trees following the severe droughts expected in this zone. This points to the limitations of tree-ring analysis for conducting retrospective assessments of stand dynamics and the need to include tree-based annual monitoring of health and mortality as a means of more fully determining the impacts of climate variation and defoliation on forest growth dynamics at the stand to regional scale.
As previously noted, the apparent trend for increasing stand area increment during 1951-2000 (Figs. 2 and 3) is largely or entirely an artifact of the sampling methodology, as it does not include the stand growth contributions of trees that died prior to 2000. Thus, the results of this study cannot address the question of whether long-term changes in standlevel aspen growth might have occurred, for example, in response to the gradual increases in global CO 2 levels and the possible increases in nitrogen deposition and ground-level ozone during this period (e.g., Chen et al. 2000; Isebrands et al. 2001) .
Numerous investigations have suggested that the growth and carbon uptake by boreal forests is strongly governed by temperature and its effects on growing season length and nutrient cycling. These investigations include field experiments (e.g., Jarvis and Linder 2000) , model simulations (e.g., Peng and Apps 1999; Grant and Nalder 2000) , and remote sensing measurements of vegetation greenness (e.g., Zhou et al. 2003) . At the BERMS aspen tower site, situated within one of our boreal study areas (Fig. 1) , interannual variation in net CO 2 uptake was strongly affected by the timing of aspen leaf emergence and development, which in turn was closely related to spring temperature and the accumulation of GDD (Black et al. 2000; Barr et al. 2004 ). Thus, it may be surprising that we found interannual variation in temperature to be less important than moisture (CMI) and insect defoliation in our regional-scale tree-ring analysis. Cumulative GDD (1 April -31 July) was a significant but secondary factor in some of the regressions (Tables 3 and 4 ), yet we found no relationship between aspen growth and the estimated date of leaf emergence. Part of the apparent inconsistency with the towerbased measurements could be attributed to (i) the absence of severe defoliation at the BERMS site during the years of CO 2 flux measurements and (ii) the contribution of CO 2 fluxes by other ecosystem components that respond differently to temperature and moisture variation, for example, soil respiration and root growth.
In the previous study of aspen responses in northwestern Alberta, snow depth in early spring (31 March) was found to contribute significantly to interannual growth variation based on tree-ring analysis (Hogg et al. 2002a) . Also, it appeared that thaw-freeze events (March-April 1990 and 1992) had a transient impact on growth and contributed to crown dieback of aspen stands in that area. Comparable impacts on aspen and other tree species were reported following a severe thawfreeze event in southern Manitoba during April 1958 (Cayford et al. 1959 ). The present regional study included both of these areas, yet we did not detect any significant effects of snow depth or thaw-freeze events on aspen growth in the analysis. Thus, it appears that these factors are of secondary importance to regional-scale aspen growth; however, a more detailed analysis of individual study areas would be expected to reveal the more localized impacts of these and other extreme climate events such as hail, wind storms, and damage by snow and ice glaze (Hiratsuka and Zalasky 1993; Hopkin et al. 2003; Frey et al. 2004 ).
Conclusions and implications
The results of this study indicate that even at the regional scale aspen forest growth cannot be reliably estimated from fixed relationships of biomass or volume versus stand age. Drought and insect defoliation events both operate across large spatial scales, and during the period covered by the analysis their combined impacts led to regionally averaged growth reductions of up to 50% across a large portion of the western Canadian interior. The scale and magnitude of these impacts points to the need to incorporate cli-matic variation and insect defoliation in stand-based models of aspen growth and yield (e.g., Perala et al. 1996; Ung et al. 2001) and in national-to global-scale models of forest growth and carbon cycling (e.g., Kurz and Apps 1999; Karjalainen et al. 2002) .
This study also provides an example of how tree-based ring-width measurements can be "scaled up" to provide indicators of interannual growth variation that are more relevant for testing these types of models. Large-scale tree-ring analyses have been conducted in several regions, but most focus on ring-width measurements from old trees for the purpose of reconstructing past variation in temperature (e.g., St. George and Luckman 2001) , precipitation (e.g., Case and MacDonald 1995; St. George and Nielsen 2002; Sauchyn et al. 2003) , or insect defoliation histories (e.g., Burleigh et al. 2002; Case and MacDonald 2003; Ryerson et al. 2003) . Tree-ring analysis has also been applied as a component of comprehensive field measurements of net primary productivity and carbon sequestration at the plot and stand level (e.g., Gower et al. 1997; Bascietto et al. 2004) . By extending such plot-based field sampling approaches across a wide range of forest types over large areas, tree-ring measurements could become more valuable for the validation of national-and global-scale models of forest responses to climate variability and global change.
Our results indicated that although insect defoliation was a major factor affecting year-to-year variation in aspen growth, moisture was the most important factor limiting the growth and accumulation of aboveground aspen biomass in the western Canadian interior. Previous studies in the region have shown similar positive relationships between radial growth and total precipitation (previous August to current July) in other tree species, including limber pine (Pinus flexilis James) in the Rocky Mountain foothills of Alberta (Case and MacDonald 1995) and bur oak (Quercus macrocarpa Michx.) in southern Manitoba (St. George and Nielsen 2002) .
In a tree-ring study of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and ponderosa pine (Pinus ponderosa Dougl. ex Laws.) at 43 low-elevation sites in British Columbia and southwestern Alberta, Watson and Luckman (2002) found that the radial growth of these species was also strongly related to moisture, as reflected by 12-month precipitation totals ending in early to midsummer. Comparable results were obtained by Barber et al. (2000) , who found that radial growth of white spruce forests in Alaska has become limited by drought stress associated with recent climatic warming. Moisture limitations are especially evident in semiarid regions such as the southwestern United States, where severe drought has led to high mortality of pinyon pine (Pinus edulis Engelm.) across large areas (e.g., Ogle et al. 2000) .
During 2001-2003, immediately following the period covered by our analysis, severe drought affected large portions of western North America, including the CIPHA study region (Liu et al. 2004; Agriculture and Agri-Food Canada 2004; National Climatic Data Center 2004; Fig. 5) . Based on the results to date, it may be anticipated that regional-scale growth of aspen and other tree species has likely undergone a major collapse in response to this drought. Furthermore, extensive dieback and mortality of aspen was observed in August 2004 during aerial surveys of the most severely droughtaffected areas of western Saskatchewan and eastern Alberta (M. Michaelian and E.H. Hogg, unpublished data). Continued annual monitoring of forest health and dieback within the CIPHA plot network, coupled with resampling of tree rings in these stands, will serve to elucidate the longer term impacts of this drought on the region's aspen forests.
